Experimental studies clearly demonstrate a causal effect of cigarette smoking on cardiovascular disease. To reduce the individual risk and population harm caused by smoking, alternative products to cigarettes are being developed. We recently reported on an apolipoprotein E-deficient (Apoe À/-) mouse inhalation study that compared the effects of exposure to aerosol from a candidate modified risk tobacco product, Tobacco Heating System 2.2 (THS2.2), and smoke from the reference cigarette (3R4F) on pulmonary and vascular biology. Here, we applied a transcriptomics approach to evaluate the impact of the exposure to 3R4F smoke and THS2.2 aerosol on heart tissues from the same cohort of mice. The systems response profiles demonstrated that 3R4F smoke exposure led to time-dependent transcriptomics changes (False Discovery Rate (FDR) < 0.05; 44 differentially expressed genes at 3-months; 491 at 8-months). Analysis of differentially expressed genes in the heart tissue indicated that 3R4F exposure induced the downregulation of genes involved in cytoskeleton organization and the contractile function of the heart, notably genes that encode beta actin (Actb), actinin alpha 4 (Actn4), and filamin C (Flnc). This was accompanied by the downregulation of genes related to the inflammatory response. None of these effects were observed in the group exposed to THS2.2 aerosol.
Aerosol from Tobacco Heating System 2.2 has reduced impact on mouse heart gene expression compared with cigarette smoke 
Introduction
Heart failure affects over 15 million people in Europe (Dickstein et al., 2008) and over 5 million individuals in the United States (Mozaffarian et al., 2015) , and is one of the leading causes of hospitalization and morbidity (Sequeira et al., 2014) . Heart failure is characterized by, and clinically defined as, the inability of the heart to supply adequate blood perfusion to organs and tissues. Although heart failure is a serious complication of atherosclerosis, other stressors such as diabetes, hypertension, and toxic compounds (Dobrin and Lebeche, 2010) can impact cardiac contraction and favor the development of cardiomyopathy, eventually causing heart failure. It has been reported that these cardiomyopathies show alterations in cardiac muscle structure and function, which could lead to heart failure (Boda et al., 2009; Kamisago et al., 2000) . Smoking is a primary cause of the high incidence of cardiovascular diseases (CVD) and is highly associated with endothelial dysfunction (Rahman and Laher, 2007) , atherosclerosis (Ambrose and Barua, 2004) , and heart failure (Sandhu et al., 2012) . Cigarette smoke (CS) contains many known harmful and potentially harmful constituents (Rodgman and Perfetti, 2014) , and a large number of them have been shown to promote the development of cardiovascular pathologies (Office of the Surgeon General, 2010).
While the effect of CS on atherosclerosis plaque development and progression is well documented (Phillips et al., 2016; Schleef et al., 2006) , the association between smoking, arrhythmia, and cardiomyopathy is less clearly described. Animal models have provided insight into the impact of smoking on heart tissue. Specifically, CS exposure was shown to cause the modulation of cardiac genes involved in cardiac hypertrophy in several CS-exposed animal models (Hu et al., 2013; Al-Arifi et al., 2012; Schleef et al., 2006) , and affected the contractile function and cardiac output independent of atherosclerosis. Other studies have shown that CS exposure increased infarct size in a rat model (Zhu et al., 1994) and favored heart physiological disturbances (Akbarzadeh et al., 2014) . Together these data suggest that CS could affect cardiac function and could have an impact on the ultrastructure of cardiomyocytes, leading to cardiomyopathy and thereby enhancing the risk of coronary heart failure.
Although, smoking cessation is one of the pillars of tobacco harm reduction, smoking cessation is difficult for many smokers. Though many smokers are interested in and attempt to quit, the rates of long-term smoking cessation remain very low. According to the United States Surgeon General, (US Department of Health and Human Services, 2010) although about 45% of smokers quit for a day, only approximately 5% succeed in achieving long-term abstinence for one year or more (Office of the Surgeon General, 2010). Consequently, there is a need for alternatives to reduce harm and smoking-related disease for over 40 million American smokers and one billion smokers worldwide. In this context, the availability of potential RRP that yield markedly reduced levels of harmful and potentially harmful constituents (HPHCs) (Schaller et al., 2016) could reduce their harm and risk of tobacco-related disease by drastically reducing smokers' exposure to harmful toxicants in a manner similar to smoking cessation (Phillips et al., 2016) . One such product, the Tobacco Heating System 2.2 (THS2.2), which heats the tobacco instead of burning it, was developed. THS2.2 generates an aerosol that mainly contains water, glycerin, nicotine and tobacco flavours (Phillips et al., 2016; Schaller et al., 2016) . The electronically controlled heating system avoids tobacco burning which substantially decreases the levels of harmful and potentially harmful constituents (HPHC) emissions, such as carbon monoxide (CO), carbonyls, and polycyclic aromatic hydrocarbons (PAH) (Part of the results are presented in Fig. 1A ). To investigate the relative impact of exposure to an aerosol from THS2.2 compared with smoke from the 3R4F reference cigarette (CS), as well as the impact of cessation or switching to THS2.2 after two months exposure to 3R4F (Fig. 1B) , we have conducted a whole body inhalation study on Apoe À/-mice. A comparative analysis of chemical composition as well as the physical characteristics for THS2.2 and 3R4F aerosol was performed and had been described elsewhere (Phillips et al., 2016) . Briefly, chemical analysis demonstrated that, at the same nicotine concentration (nicotine concentration matched to CS, 29.9 mg/m 3 ), HPHC and disease end points such as atherosclerosis progression, pulmonary inflammation, and emphysema were substantially reduced in THS2.2-exposed mice compared with 3R4F-exposed mice ( Fig. 1AeC ) (Elamin et al., 2016; Phillips et al., 2016; Titz et al., 2015) , whereas the nicotine and the cotinine levels were comparable in 3R4F and THS2.2 exposure. Because there is substantial evidence for smoking as a risk factor for the development of cardiovascular pathologies, we also analysed heart tissue of Apoe À/-mice from this study. A transcriptomics approach was chosen to identify at least some of the molecular mechanisms underlying the biological effects of exposure to 3R4F and THS2.2 on the heart. We demonstrate that exposure to 3R4F affects specific gene expression in the heart, suggesting disturbances in its cytoskeleton organisation and contractile function. Exposure to THS2.2 aerosol at matching nicotine concentrations did not elicit a significant transcriptional response in the heart, as seen in the lower impact on differential gene expression (491 differentially expressed genes at eight months of 3R4F CS exposure, no significantly differentially expressed genes for THS2.2 at eight months of THS2.2 exposure).
Materials and method

Study design
All procedures involving animals were performed in an Association for Assessment and Accreditation of Laboratory Animal Care International (AAALAC)-accredited, Agri-Food & Veterinary Authority of Singapore-licensed facility in compliance with the National Advisory Committee for Laboratory Animal Research Guidelines on the Care and Use of Animals for Scientific Purposes, as described previously (Phillips et al., 2016) .
Female Apoe -/-mice, (age 8e10 weeks at the beginning of the protocol) were exposed to 3R4F CS (University of Kentucky; https:// ctrp.uky.edu/) or to THS2.2 aerosol for up to 8 months (Fig. 1B) . Briefly, mainstream CS from 3R4F cigarettes was generated on 30-port rotary smoking machines, while aerosol from THS2.2 sticks was generated on modified 30-port rotary smoking machines equipped with the respective stick holders. 3R4F cigarettes were smoked and aerosol from THS2.2 sticks was generated according to the Health Canada Intensive Smoking Protocol based on ISO standard 3308 (revised in 2000), as described previously (Phillips et al., 2016 On the scheduled necropsy date and approximately 16e24 h after the last exposure, eight mice per group were anesthetized then euthanized by perfusion (0.9% NaCl). Tissue from the apex segment of the heart (left ventricle) was harvested for transcriptomics analysis and frozen in liquid nitrogen within 20 min post-mortem. All the samples collected at 1e8 months of exposure were stored at À70 C until completion of the study (8 months) after which they were processed.
Transcriptomics procedures
The full set of samples (168) was randomized to ensure a balanced assignment within/across experimental groups for the RNA extraction and Affymetrix hybridization stations. Total RNA was isolated from tissues using a miRNeasy Mini Kit (Qiagen, Venlo, The Netherlands). Concentration was assessed using a Nanodrop ND1000 (Thermo Fisher Scientific, Waltham, MA) and quality checked using an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA). All samples had RNA integrity numbers (RIN) > 6, and were therefore of acceptable quality for analysis (minimum RIN was 7.6; maximum RIN was 9.2, and average RIN was 8.7). For mRNA analysis, 100 ng of total RNA was processed according to the protocol in the GeneChip HT 3' IVT Express User Manual (Affymetrix), and a GeneChip ® mouse genome 430 2.0 array (Affymetrix, Santa Clara, CA) was used for hybridization. All RNA samples from the apex heart segment were labeled using the Affymetrix High Throughput 3 0 In Vitro Transcription (HT 3 0 IVT express) protocol. The data have been deposited in the Array Express database (https://www.ebi.ac.uk/arrayexpress/) under accession number E-MTAB-3900. Raw data files were processed with custom computable document format (CDF) files from BrainArray (mouse4302m-mentrezg v16.0) and normalized using frozen Robust Microarray Analysis (McCall et al., 2010) . Following quality control procedures (pseudo-images, NUSE plot, RLE plots, and MARLE (Gautier et al., 2004) , raw p-values were generated for the control versus treatment comparisons using the limma package (Smyth, 2004) and adjusted using the BenjaminieHochberg false discovery rate (FDR) multiple test correction (Benjamini et al., 2001 ).
Ingenuity pathway analysis of differentially expressed genes
Analyses of differentially expressed genes (FDR p-values <0.05) were conducted using Qiagen Ingenuity Pathway Analysis (IPA ® , Qiagen, www.qiagen.com/ingenuity) software. Differential gene (Phillips et al., 2016) . The intensity of the color indicates the percentage for each HPHCs (0e100%) relative to the maximum value reported to THS2.2 or 3R4F. B) Study design, groups, and exposures. Red color indicates exposure to 3R4F cigarette smoke, purple color indicate exposure to the THS2.2 "heat not burn technology" and blue color indicate exposure to the fresh air. Details of this study have been reported elsewhere (Phillips et al., 2016 ) C) Heatmap representing the impact of THS2.2 ("heat-not-burn technology"), cessation (Cess), and switching (Switch) on biomarkers of exposure, atherosclerosis progression, inflammation, and emphysema endpoints compared with the reference cigarette 3R4F in Apoe À/-mice at 2, 6, and 8 months of exposure previously published in (Phillips et al., 2016) . The intensity of the color indicates the value for each endpoint (0e100%) relative to the maximum value across all treatments and endpoints (100%). The asterisk (*) indicates the measurement for each group was performed at 7 months of exposure and not at the 8 month endpoint. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) expression data were submitted to IPA to assess the impact of each treatment on specific biological processes and functions that could be affected in the context of cardiovascular disease. Results with zscores >2 or < À2 were considered statistically significant (Kramer et al., 2014) .
DAVID pathway analysis
The DAVID Gene Functional Classification Tool (https://david. ncifcrf.gov/) was used to classify the differentially expressed genes in the 3R4F group into KEGG pathways, as described previously (Huang et al., 2007) .
Gene set analysis (GSA)
GSA of the transcriptomics data was performed using the Piano package in the R statistical environment (Varemo et al., 2013) . Pathway maps were obtained from the KEGG database (Kanehisa et al., 2014) and exported as R objects in the graphite package. Gene set enrichment was assessed by over-representation analysis (ORA), Q1-competitive null hypothesis, and GSA. A one-tailed Fisher's exact test was employed for the over-representation analysis. For GSA, we used the fold-change as the gene-level statistic, the mean as the set statistic, and sample permutation (Q2-self-contained null hypothesis) to assess statistical significance (Ackermann and Strimmer, 2009 ). The two p-values were combined by Fisher's method to summarize the enrichment results. Pvalue adjustment was done with the Benjamini-Hochberg procedure for each test. The gene-set enrichment values are the geneset statistics (i.e., fold-changes) mentioned above.
Hierarchical clustering (Ward method on the Euclidean distance) of the enrichment score matrix (including gene sets with adjusted Fisher p-values below 0.01 in at least one contrast) was performed to group the gene sets that had similar enrichment score patterns across the various comparisons.
Results
Systems response profile
The systems response profiles are illustrated as volcano plots depicting differentially expressed genes ( Fig. 2A) . Exposure to 3R4F smoke resulted in a time-dependent increase in the number of differentially expressed genes in the heart compared with the sham groups. After one month of 3R4F exposure, only eight genes were significantly regulated (FDR <0.05): Gkn3 (gastrokine 3), Car14 (carbonic anhydrase 14), GM16793, and Snca (synuclein, alpha) were upregulated, and Phf11d (PHD finger protein 11D), Itih5 (interalpha (globulin) inhibitor H5), Col6a1 (collagen, type VI, alpha 1), and Pdzrn4 (PDZ domain-containing RING finger 4) were downregulated (Fig. 2B) . After 2 months of exposure, only two genes were significantly impacted: Gkn3 (gastrokine 3) was upregulated, and Rbp7 (retinol binding protein 7, cellular) was downregulated. After 3 months of exposure, 44 genes were significantly differentially expressed in response to 3R4F smoke exposure (Fig. 2B ). Together these results demonstrated that the impact was modest until 3 months of exposure. By 6 months, the number of differentially expressed genes was considerably higher (540 genes were significantly regulated), and this figure remained relatively stable at 8 months of exposure (491 genes were significantly regulated) ( Fig. 2A) . In the heart tissues from mice exposed to THS2.2 aerosol or those switched to fresh air or THS2.2 after 2 months of 3R4F smoke exposure, no differentially expressed genes were detected compared with the sham groups at all-time points evaluated in accordance to the FDR<0.05 (Fig. 2) .
CS exposure regulates the expression of genes implicated in muscle structure, inflammatory response, and cardiovascular disease.
IPA analysis
The IPA was performed only for the 3R4F-exposed groups at 6 and 8 months because the other treatment groups did not have a sufficient number of differentially expressed genes at any of the time points compared with the corresponding sham groups.
Biological functions and processes related to muscle structure and function, inflammation, and cardiovascular disease were predicted to be impacted in response to 3R4F smoke exposure at 6 and 8 months (Fig. 3) . Specifically, biological processes such as "Cell Morphology", "Cellular Assembly and Organization", "Embryonic Development, Organ Development", and "Nervous System Development and Function" were predicted to be downregulated, and "Skeletal and Muscular Disorders" was predicted to be upregulated in response to 3R4F smoke exposure. Sub-functions within each function were analyzed in more detail and the results suggested that 3R4F smoke exposure led to a downregulation of "Formation of cellular protrusion", "Organization of cytoskeleton and cytoplasm", "Microtubules dynamics", "Formation of muscle", "Neurogenesis", and "Formation of plasma membrane projection". In contrast, "Skeletal and muscular disorder" and its associated sub-function "Congenital anomaly of musculoskeletal system" were predicted to be significantly upregulated in response to 3R4F exposure.
"Inflammatory response", "Cellular movement", and "Hematological system development" functions were also predicted to be downregulated in response to 3R4F exposure. These functional gene classes include sub-functions such as "Inflammatory response", "Cell migration", "Cell movement", "Cell movement of lymphocytes", "Cell movement of mononuclear leukocytes", "Leucocyte migration", and "Accumulation of myeloid cells". These patterns of downregulation suggest a profound dysregulation of the immune system in response to 3R4F smoke exposure (Fig. 3) .
The IPA results also predicted the regulation of cardiovascular disease, with downregulation of the "Atherosclerosis" sub-function and upregulation of "Thrombosis," including marked upregulation of coagulation factor III (F3) and stathmin2 (Stmn2) expression ( Supplementary Fig. 1 ). Predicted downregulation of the "Atherosclerosis" sub-function was associated with downregulation of cyclin-dependent kinase inhibitor (Cdkn1a) early growth response (Egr1), thrombospondin (Thbs1), TIMP metallopeptidase inhibitor (Timp1), and serpin peptidase inhibitor (Serpine1) expression ( Supplementary Fig. 1 ). The predicted upregulation of the "Thrombosis" sub-function was associated with downregulation of aryl hydrocarbon receptor nuclear translocator-like (Arnlt) and fibrillin (Fbn1) expression (Supplementary Fig. 1 ).
Together these data suggest that 3R4F significantly affected the expression of genes involved in heart muscle function and structure, the inflammatory response, and possibly cardiovascular disease.
Mapping of the differentially expressed genes onto KEGG pathways
The IPA findings were verified by analyzing the differentially expressed genes using the DAVID bioinformatics database (Dennis et al., 2003) . The top regulated KEGG pathway involving differentially expressed genes was "Focal adhesion", followed by "Regulation of actin cytoskeleton", "Extracellular matrix (ECM) receptor interaction", and "Leucocyte transendothelial migration". The mapping of genes that were regulated in response to 3R4F after 8 months of exposure to the "Focal adhesion" pathway suggested Fig. 2 . Systems response profiles of the 3R4F, THS2.2, cessation, and switching groups after 1e8 months of exposure. A) Volcano plot representing the change in expression for each gene, calculated as the log2 fold change, is plotted on the x-axis and the statistical significance, proportional to the negative log10 raw p-value, is plotted on the y-axis. Genes that met the FDR (false discovery rate) of p < 0.05 are indicated by colored dots. Yellow means significantly upregulated genes, and cyan indicates significantly downregulated genes. B) Heatmap of the genes significantly affected by 3R4F smoke exposure at the 1e3-month time points. Genes that met the FDR (false discovery rate) of p < 0.05 are indicated in color. Orange means significantly upregulated genes, and blue shows significantly downregulated genes. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) that the regulation of the actin cytoskeleton was disrupted in CSexposed mouse heart (Fig. 4) . Genes involved in the regulation of cytoskeleton and signal transduction, such as filamin (Flnc), zyxin (Zyx), vasodilator-stimulated phosphoprotein (Vasp), and betaactin (Actb), were downregulated in response to 3R4F exposure. Additionally, genes that encode proteins involved in the regulation of cytokine-cytokine receptor interaction and ECM-receptor interaction, such as collagen (Col3a1, Col5a2), epidermal growth factor, FMS-like tyrosine kinase 1, and p21 protein (Cdc42/Rac-activated kinase 1), were also differentially regulated in response to 3R4F exposure (Fig. 4) .
Gene set analysis
Because no differentially expressed genes were detected in most groups (under the applied threshold (FDR <0.05), we conducted a gene set analysis (GSA) as a complementary computational approach to identify gene sets that are on one hand differentially regulated (Q2 hypothesis test, see Material & Methods) and overrepresented amongst the differentially expressed genes on the other hand ( Supplementary Fig. 2 ). The threshold-free approach (Q2 test) is a sensitive approach that allowed us also to compare the regulation of the gene sets in response to THS2.2 aerosol exposure as well as in the cessation and switching groups.
The GSA showed significant regulation of several gene sets consistent with biological functions identified in the IPA. For example, differentially regulated gene sets predicted a significant downregulation of muscle structure and function, affecting the actin cytoskeleton, focal adhesion sites, gap junctions, and adherens junctions in the hearts of 3R4F exposed mice (Fig. 5) . No such Fig. 3 . Heatmap of the most significantly affected biological functions in hearts of mice exposed to 3R4F for 6 and 8 months. Differences in biological functions of the 3R4F-exposed groups compared with the corresponding sham-exposed groups that met the FDR (false discovery rate) of p < 0.05 and with z-scores >2 or < À2 were considered statistically significant (activated (red) or inhibited (blue)) are marked with an asterisk (*). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) Fig. 4 . Focal adhesion is the top KEGG pathway regulated in response to 3R4F exposure at 8 months, as predicted by DAVID analysis, and overlaps with regulated genes. Red stars indicate the overlap of regulated genes and pathways. The heatmap represents the gene expression analysis of overlapping regulated genes in the focal adhesion pathway. Blue and orange indicate downregulated and upregulated genes, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) downregulation was detected for the same gene sets in the THS2.2, cessation, and switching groups (Fig. 5) . The identified differentially regulated gene sets for effects of 3R4F smoke exposure on processes implicated in inflammation were also in highlighted in the IPA results. Downregulation of inflammatory pathways associated with "NF-Kappa B signaling", "Chemokine signaling", "TNF signaling", "Leucocyte transendothelial migration", "Toll-like receptors", and "Cytokine-cytokine receptor interactions" were identified by both approaches (Fig. 5) . Also, significant downregulation of ECM-receptor interaction was predicted in the 3R4F smoke exposure groups. Other gene sets that were upregulated only in response to 3R4F smoke exposure included those involved in "Drug metabolism-cytochrome P450" and "Metabolism of xenobiotics by cytochrome p450" (Fig. 5) .
The threshold-free analysis allowed us to observe some differential gene regulation in the hearts of mice in the switching groups. At the 8-month time point, the gene set related to fatty acid elongation was downregulated in the hearts of mice in the switching group; however, the regulation was at a much lower level than in mice continuously exposed to 3R4F. The regulation of gene sets related to amino sugar and nucleotide sugar metabolism, and alanine, aspartate, and glutamate metabolism, as well as circadian rhythm, seemed to be more up-regulated in the switching group at the 3-and 6-month time points compared with the 3R4F group at the same time points (Fig. 5) .
Discussion
Although many studies have reported that exposure to CS directly affects cardiac pathology (Talukder et al., 2011; Phillips et al., 2016; Rahman and Laher, 2007; Schleef et al., 2006; Stolle et al., 2010) , little is known about the mechanistic impact of smoking on the heart transcriptome (Lough, 1978) .
Here, we compared the biological impacts of exposure to 3R4F smoke with THS2.2 aerosol exposure, as well as cessation or switching to THS2.2 after 3R4F, on the left ventricle (heart) of Apoe À/-mice using two approaches: IPA, a commercial platform for pathway analysis, and GSA, to quantitatively compare impacts across exposure groups. The processes that were predicted to be affected based on the IPA and GSA indicated an adverse effect of CS on the myocardium. The downregulation of genes such as Actb, and Actn4, and Flnc, are indicative of an impact of 3R4F on the regulation of actin cytoskeleton polymerization and contraction. Actin plays a significant role in the maintenance of the structural integrity of the muscle sarcomere (Chan et al., 1998) . It has been reported that modification of the contractile components of the sarcomere causes an alteration in ATPase activity, which disrupts the contractile function and frequently results in heart failure (Sequeira et al., 2014) . Our transcriptomics findings are in line with previous reports that CS impacted heart structure and caused disorganization and loss of myofilaments, modification of plasmatic membrane, dilatation of sarcoplasmic reticulum, and polymorphic mitochondria with swelling and decreased the number of cristae, all of which favors cardiac dysfunction (Zornoff et al., 2006) . It has been shown that CO, a principal chemical constituent of CS, decreased tubule density and decreased the heart contractile function (Bye et al., 2008) in the heart of rats exposed to CO. CO also affected ion channels and contractile patterns in the heart of these rats (Bye et al., 2008 ). An alteration of microtubule dynamics (involving ion channels) was predicted in the biological function (IPA) analysis (Fig. 3) . Accordingly, our gene expression analysis suggested that CS could decrease the T-tubule density and could contribute to the impairment of the excitation-contraction coupling observed in heart failure (He et al., 2001) . Additionally, pathological changes in cardiac structure related to ion channel disturbances that cause cardiac contractile disorders (Akbarzadeh et al., 2014) have been described in mice, rats, and humans exposed to CS or nicotine. However, the previous study in rats (Zhu et al., 1994 (Zhu et al., , 1996 (Zhu et al., , 1997 and human (Hbejan, 2011) , reported that CS aggravate the myocardial injury and causes an ischemia in the heart tissue. In our study, we don't notice any effect of CS on the process such as hypoxia or ischemia, based on the transcriptomics analysis. Our results are however in agreement with literature which demonstrates that pressure overload or hypertension are key modulators of myocardial ischemia (Klocke et al., 2007; Patten and Hall-Porter, 2009 ). Our animal model did not present signs of hypertension that could explain the absence of CS-induced ischemic or hypoxic gene expression changes (Phillips et al., 2016) . Although some data in the literature are contradictory and have suggested an impact of . Gene set analysis (GSA) of affected pathways in muscle function and structure, inflammatory response, organization of extracellular matrix, xenobiotic metabolism, fatty acid elongation, circadian rhythm, amino sugar and nucleotide sugar metabolism, and alanine, aspartate and glutamate metabolism. An asterisk (*) indicates the significance. In each rectangle the second symbol indicates significance for GSA Q2 (self-contained null hypothesis), the third symbol indicates significance for the ORA and, the first character symbol is for the overall adjusted Fisher combined p-value of the two.
nicotine on heart dysfunction, in our study, no significant effect of THS2.2 aerosol on the heart transcriptome was observed albeit the same nicotine concentration was used. Our results are aligned with recently published systems toxicology data which showed a diminished impact of THS2.2 on lung inflammation and atherogenesis (Elamin et al., 2016; Phillips et al., 2016; Titz et al., 2015) . Decidedly, these data will need to be confirmed with some functional and structural endpoints, such as blood pressure and heart beating parameters, heart ejection function, and immunohistochemical staining, to definitively confirm the minimization of CS exposure-related measurable structural and functional effects in heart tissue of mice exposed to THS2.2 aerosol. Our results also suggest that 3R4F smoke exposure led to downregulation of the immune cell trafficking and cell movement processes, and negatively impacted the accumulation of myeloid cells. CS exposure is known to increase the inflammatory response in the lung (Phillips et al., 2015) , aorta (McCall et al., 2010) , and blood (Woodiwiss et al., 2001 ). Contrary to these results, the IPA predicted a significant reduction of the inflammatory response in the left ventricle of the Apoe À/-mice exposed to CS. This decrease was associated with downregulation of chemokine signaling ( Supplementary Fig. 1 ). This finding could reflect the known effect of CS to skew the immune and inflammatory response (Charlesworth et al., 2010) . In ischemic or stressed heart tissues, activation of the immune and inflammatory response is crucial for tissue repair, angiogenesis, and blood recovery. Up-regulation of the inflammatory response positively affects the release of stem cell factor and fibroblast activation, which are responsible for homing of (potentially beneficial) cardiac stem cells to the site of injury (Guo et al., 2009) , favoring cardiovascular remodeling, and synthesis of the components of the extracellular matrix. In our study we observed a negative regulation of the immuno-inflammatory process in response to CS. Strong evidence supports the paradigm that CO abolishes the pro-inflammatory response, reduced the oxidative stress and prevents the apoptosis (Brusko et al., 2005; Otterbein et al., 2000; Wang et al., 2016) . As CS is a potent inductor of CO, the drop down of the immuno-inflammatory response observed in our study could be due to the excessive production of CO in response to CS. Although the negative regulation of the immuneinflammatory response may prevents cardiomyocytes apoptosis, the exposure to CO may also negatively impact ECM synthesis and support a maladaptive response of heart during the remodeling, which, in turn, could affect the cardiac output and cardiac contractility. In transgenic mouse model presenting cardiacspecific overexpression of the gene encoding a nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, alpha inhibitor (NFKBIA), a greater infarct size (augmented by 50%) was reported with significantly higher levels of post-infarct apoptosis compared with control mice (Misra et al., 2003) . Although the protective effect of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-KB) activation remains controversial (Maier et al., 2012; Gordon et al., 2011) , a protective role for NF-KB activation during pathological remodeling of the heart following acute cardiac injury has been reported (Mustapha et al., 2000) . Additionally, the downregulation of the inflammatory response observed in our study matches recent findings seen in human in dilated cardiomyopathy, where a similar downregulation of inflammatory response processes was observed (from microarrays dataset) (Barth et al., 2006) . Together, these data suggest that CS exposure leads to significant downregulation of the inflammatory function in the heart, which may favor the development of cardiac dysfunction. The inflammatory response was not impacted either in the group exposed to THS2.2 aerosol for 8 months or in the cessation and switching groups. In this initial study, the transcriptomics analysis of the heart of mice exposed to CS is indicative of changes known to occur in response to smoke exposure (Stevenson and Birrell, 2011; Wright et al., 2008; Boue et al., 2013; Phillips et al., 2015 Phillips et al., , 2016 . Our results clearly demonstrate that 3R4F smoke exposure affects the expression of genes involved in the structural and contractile function of myofilaments. Given the fact that many of these transcriptional responses to CS exposure were reduced or absent in myocardial tissue from mice exposed to aerosol from THS2.2 containing the same nicotine concentration a major role for nicotine in these responses is unlikely. Overall, these data suggest that aerosol from the candidate modified risk tobacco product, (THS2.2) has a lower impact on the maladaptive transcriptional response in heart tissue than exposure to combustible tobacco smoke. Smoking is a major risk factor in the development and progression of cardiovascular diseases (CVD) and chronic obstructive pulmonary disease (COPD). In animal models, toxicological investigations demonstrated that both the use of a nose-only or a whole body exposure system lead to the development of COPD and CVD. Although noseonly exposure system probably best resembles the human situation (Stevenson and Birrell, 2011; Wright et al., 2008) , it has been demonstrated that whole body exposure system is also valuable to induce CVD and COPD progression (Boue et al., 2013; Phillips et al., 2015 Phillips et al., , 2016 and presents a key advantage to diminish the stress induced in the animal model during a long term CS exposure.
The embedding of the current investigation into a large multiarm, multi-endpoint systems toxicology study was in support of the 3Rs principle, using tisues from the same animals with a systems-wide characterization of exposure effects, thereby minimizing the number of animals used to reach broader conclusions. Specifically, it provided an initial insight into the cardiovascular sequelae in this atherosclerosis-and emphysema-related animal model. The application of 3Rs guidance allowed us to preserve animals while enabling a sufficient statistical power to perform the comparative analysis of the test items. Moreover, our experimental design, and more specifically the number of animals per group is aligned with literature, where studies often use between five (Hechler et al., 2008; Zhang et al., 2010; Kyaw et al., 2013; Gitlin and Loftin, 2009; Nakai et al., 2004; Gray et al., 2016; Douglas et al., 2012) and 10 animals per group (Meurs et al., 2012; Romero et al., 2016) indicating that ten animal per group is considered as sufficient number of animals to bring a scientific conclusion.
Whereas the transcriptomics analysis performed in this study established the significant impact of 3R4F exposure on molecular signaling in the heart tissue, a limitation in this study is the lack of structural and functional endpoints which could validate the observed molecular result of 3R4F exposure on the heart muscle. As structural modifications, such as hypertrophy, wall thickness modification, apoptosis or fibrosis are all related to cardiac toxicity, it will be essential to perform the histological and morphological analysis of the heart tissue to establish or not the structural impact. Additionally to that, a functional analysis of the heart contractility (e.g. ejection fraction, shortness fraction) could bring complementary information on the heart contractile function and provide us with the confirmation that the molecular changes observed in transcriptomics analysis are indeed associated with heart contraction disturbance. Morphological changes of the heart, ventricle wall thickness, and electrophysiological measures of heart Q-T intervals (electrical events monitored by electrocardiogram, time from the beginning of the QRS complex to the end of the T wave), and ejection fraction measure for all treatment groups are definitively important to confirm our molecular changes and warrant further investigations.
The second shortcoming that we observe in this study is the analysis of the switch and cessation effect in the heart tissue after 2 months of exposure. While, this timing of the switch study is relevant for disease-related effects in the lung and aorta tissue (Phillips et al., 2016) , this analysis at the 2-month time point appears irrelevant for the heart muscle. In fact, after 2 months of exposure to 3R4F smoke, only a few genes were differentially expressed (<10 genes). Based on the transcriptomics analysis in the heart tissue it seems more relevant to examine the switch or cessation effect after 6 months of exposure, because a substantial impact on molecular changes was not observed earlier. Altogether these reflexions should contribute to a complete understanding of the consequences of 3R4F and THS2.2 exposure, as well as the possible reversal of the effect of 3R4F smoke upon cessation and switching. Nevertheless, our initial results support the concept that heating rather than burning tobacco may be an alternative to smoking cigarettes, potentially declining the impact of smoking also on cardiac dysfunction.
